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ABSTRACT 
CONTINUOUS TH1:CKENI:NG OF NON-IDEAL SUSPENSIONS 
The purpose o f  t h i s  s tudy was t o  i n v e s t i g a t e  t h e  steady s t a t e  cont inuous 
t h i c k e n i n g  o f  non- ideal  suspensions such as sludges from wa te r  and waste- 
wa te r  t rea tment  p l a n t s .  Suspensions o f  h i g h  grade ca lc ium carbonate, 
a c t i v a t e d  sludges, water  s o f t e n i n g  sludges, and suspensions o f  f i n e  g lass 
beads were used. The suspensions were th ickened i n  a  c losed, cont inuous, 
p i  l o t ,  t h i c k e n i n g  system. 
The s o l  i d s  f l u x  t heo ry  was used s u c c e s s f u l l y  f o r  p r e d i c t i n g  performance 
o f  t h e  s teady s t a t e  c o n t i  rluous t h i c k e n e r  frorrl batch s e t t l  i n g  v e l o c i t i e s  
o f  t h e  suspensions. For t h e  opt imal  performance o f  t he  t h i ckene r ,  e f fec -  
ti ve s t i  rri ng o f  concer l t ra t ion  1  ayers near  t h e  u r lder f l  ow 1  eve1 was found 
t o  be an abso lu te  necess i t y .  Th i s  was t o  p reven t  d i l u t e  s o l i d s  f rom 
reach ing  t h e  t h i c k e n e r  bottom. Hornogeneous d i s t r i b u t i o n  o f  t h e  feed  over 
t h e  area o f  t h e  tank  was a l s o  essen t i a l  . 
The feed  concen t ra t i on  general l y  d i d  n o t  a f f e c t  t h e  t h i c k e n i n g  f u n c t i o n .  
However, t h e  i n t e r a c t i o n  between t h i c k e n i n g  and c l a r i f i c a t i o n  f unc t i ons  
of t h e  tank  was es tab l  ished through t h e  magnitude o f  feed concent ra t ions .  
As t h e  feed concent ra t ion  decreased w i t h  f i x e d  so l  i d s  load ing ,  t h e  over-  
f l o w  v e l o c i t y  increased,  and t h e  c l a r i t y  o f  ove r f l ow  gene ra l l y  d e t e r i o r a t e d .  
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Suspended s o l  i d s  concen t ra t i on  
I n i t i a l  suspended s o l i d s  concen t ra t i on  
F i r s t  c r i t i c a l  o r  l i m i t i n g  suspended s o l  -ids 
concen t ra t  i o n  
Second c r i t i c a l  suspended so l  i d s  concen t ra t i on  
Feed suspended s o l i d s  concen t ra t i on  
Over f l  ow suspended so l  i d s  concen t ra t ion  
Under f l  ow suspended s o l  i d s  concen t ra t i on  
D i l u t i o n  f a c t o r  ( i  .e. weight  o f  1  i q u i d  pe r  u n i t  
we igh t  o f  s o l i d s )  
U l t i m a t e  d i  l u t i  on f a c t o r  
Sol i d s  handl i n g  capaci ty ;  s o l i d s  f l u x ;  batch 
f l u x ;  t o t a l  f l u x  
S o l i d s  f l u x  i n  batch s e t t l i n g  t e s t  
L i m i t i n g  so l  i d s  handl i n g  capac i ty ;  l i m i t i n g  
s o l i d s  f l u x  
T o t a l  s o l i d s  f l u x  
H e i g h t  
I n i t i a l  h e i g h t  o f  suspension 
He igh t  o f  feed l e v e l  
He igh t  o f  ove r f l ow  l e v e l  
He igh t  o f  t h i c k  bed i n  cont inuous t h i c k e n e r  
Rate constant  i n  compression zone 
Weight o f  s o l i d s  per  u n i t  area 
and t h e  c l e a r  1  i q u i d  remains beh ind  a t  t h e  t o p  o f  t h e  bas in .  The concen- 
t r a t e d  bot tom s l u r r y  and t h e  c l e a r  l i q u i d  a r e  t h e n  separated manual ly  o r  
mechan ica l l y .  The o p e r a t i o n  t h e n  i s  repeated w i t h  new feed  s l u r r y .  I n  
cont inuous t h i cken ing ,  t h e  bas in  has a feed  i n l e t ,  an under f low o u t l e t ,  
and an o v e r f l o w  o u t l e t .  The i n l e t  rece ives  t h e  f e e d  suspension and 
d i s t r i b u t e s  i t  ove r  t h e  area o f  t h e  bas in .  The bed rece i ves  t h e  incoming 
feed and separates i t i n t o  two f r a c t i o n s .  The s o l  i d s  f r a c t i o n  t r a v e l s  
downward and i s  t aken  o u t  by t h e  under f low o u t l e t .  The rema in ing  c l e a r  
l i q u i d  f r a c t i o n  t r a v e l s  upward above t h e  bed and i s  taken  ou t  by t h e  
o v e r f l  ow o u t l e t .  An i n v e n t o r y  o f  separated so l  i d s  i s  ma in ta ined  a t  t h e  
bottom o f  co r l t i  nuous t h i  ckeners . 
Batch t h i c k e n i n g  i s  n o t  a  s teady s t a t e  ope ra t i on .  Continuous 
t h i c k e n i n g  rnay o r  may n o t  be a t  s teady s t a t e .  Temporal changes may t ake  
p l a c e  i n  t h e  concen t ra t i on  and f low r a t e  o f  f eed  suspensions, under f low 
s l u r r y ,  o v e r f l o w  l i q u i d ,  and t h i c k e n i n g  c h a r a c t e r i s t i c s  o f  t h e  feed  sus- 
pension. I f  these temporal  changes do n o t  e x i s t ,  t h e  o p e r a t i o n  reaches 
a s teady s t a t e .  
The ana l ys i s  o f  s teady s t a t e  cont inuous t h i c k e n i n g  o f  c e r t a i n  
non- idea l  susper~s ions was t h e  ma jo r  s u b j e c t  o f  t h i s  s tudy.  
1.2 - O b j e c t i v e  and Scope o f  t h e  Study 
The o b j e c t i v e  o f  t h i s  s t udy  was t o  i n v e s t i g a t e  cont inuous 
t h i  ckening o f  non- idea l  suspensions and eva lua te  a  r a t i o n a l  approach 
f o r  des ign  and o p e r a t i o n  o f  s teady s t a t e  cont inuous t h i ckene rs .  
Suspensi ons o f  ca l  c i  I J ~  carbonate, a c t i v a t e d  s l  udges , wa te r  
s o f t e n i n g  sludges and a suspension o f  f i n e  g lass  beads were used i n  
t h e  exper iments .  The f i r s t  t h r e e  were t y p i c a l  non- i  deal  and compress ib le  
suspensions.  The g lass  beads were i n c o m p r e s s i b l e  b u t  were n o t  o f  u r ~ i f o r r n  
s i z e .  
A l l  suspensions were c o n t i n u o u s l y  t h i c k e n e d  i n  a  c l o s e d  p i l o t  
t h i c k e n i n g  systern. Batch s e t t l i n g  exper iments  were a l s o  performed w i t h  
t h e  suspensions.  The s o l i d s  f l u x  t h e o r y ,  which i s  based on t h e  a n a l y s i s  
o f  t h e  c h a r a c t e r i s t i c  ba tch  s e t t l i n g  v e l o c i t i e s  o f  suspensions and t h e  
o p e r a t i o n a l  f e a t u r e s  o f  a  cont inuous t h i c k e n e r ,  was used as t h e  b a s i c  
means o f  d a t a  a n a l y s i s .  
2.1 - I n t r o d u c t i o n  
2. THEORY OF GRAVITY THICKENING 
A  schemat i c  d iagram o f  a  con t inuous  t h i c k e n e r  i s  shown i n  
F i g u r e  1 .  A  suspens ion w i t h  s o l i d s  c o n c e n t r a t i o n  o f  C f  ( w e i g h t  p e r  
u n i t  volume) f l o w s  i n t o  t h e  t h i c k e n i n g  b a s i n  a t  a  r a t e  Qf .  The 
t h i c k e n e d  suspens ion i s  t a k e n  o u t  a t  c o n c e n t r a t i o n  Cu and f l o w  r a t e  Qu 
The c l e a r  separa ted  f l u i d  w i t h  ( n o r m a l l y )  n e g l i g i b l e  s o l i d s  concen t ra -  
t i o n ,  Cof, f l o w s  f r o m  t h e  t o p  o f  t h e  t h i c k e n e r  a t  a  r a t e ,  Qof.  
Assuming e s s e n t i a l l y  comple te  removal o f  s o l  i d s ,  t h e  p r o d u c t  C fQ f  o r  
Qf Qu QOf CuQu i s  t h e  s o l i d s  l o a d i n g  on t h e  t h i c k e n e r .  A lso,  A, and - A  
a r e  c a l l  ed hyd rau l  i c  feed  r a t e ,  u n d e r f l o w  r a t e  o r  v e l o c i t y ,  and o v e r -  
f low r a t e ,  r e s p e c t i v e l y .  Here A  r e f e r s  t o  t h e  a rea  o f  t h i c k e n e r ,  and 
The p r i n c i p a l  prob lem i n  t h e  con t inuous  t h i c k e n i n g  o f  a  p a r -  
t i c u l a r  suspens ion i s  t h e  f o l l o w i n g :  How much area, A, and volume, V, 
i s  r e q u i r e d  t o  t h i c k e n  t h e  suspens ion w i t h  g i v e n  c o n c e n t r a t i o n ,  Cf, 
and f l o w  r a t e ,  Q f ,  t o  a  f i n a l  r e q u i r e d  u n d e r f l o w  c o n c e n t r a t i o n ,  Cu? 
Fac to rs  i n f l u e n c i n g  t h e s e  d e t e r m i n a t i o n s  a r e  cons ide red  i n  t h e  f o l  l ow-  
i ng s e c t  i o n s .  
2.2 - Area Requi red f o r  T h i c k e n i n g  
Coe and Clevenger (191 6 )  argued t h a t  i n  a  b a t c h  o r  cont- inuous 
t h i c k e n e r ,  any l a y e r  o f  suspens ion has a  s p e c i f i c  s o l i d s  h a n d l i n g  capac- 
i t y .  The s o l i d s  h a n d l i n g  c a p a c i t y  i s  t h e  mass o f  s o l i d s  t h a t  a  u n i t  
a rea  o f  t h e  l a y e r  can pass t o  t h e  l a y e r  below. The l i m i t i n g  l a y e r  w i t h  
FIGURE 1. SCHEMATIC DIAGRAM OF CONTINUOUS THICKENER 
minimum s o l i d s  hand l i ng  capac i ty ,  GL, should be i d e n t i f i e d  and con- 
s i de red  f o r  area de te rmina t ion .  They showed t h a t  t h e  capac i t y  o f  a  
1  ayer  o f  any concen t ra t i on  t o  d ischarge  i t s  s o l  i d s  may be c a l c u l  a ted  
f rom 
where 
G = s o l i d s  hand1 i n g  capac i t y  o f  a  1  ayer  o f  concen t ra t ion  Ci 
C = concen t ra t ion  o f  t h e  l a y e r  
Cu = concen t ra t i on  o f  th ickened s ludge 
V = s e t t l i n g  v e l o c i t y  o f  the  l a y e r  
The r e q u i r e d  area o f  a  cont inuous t h i c k e n e r  then i s  
where GL i s  t h e  minimum va lue  o f  G ob ta ined  by app l y i ng  Equat ion (2.1) 
t o  a l l  concen t ra t ions  o f  s ludge which cou ld  e x i s t  i n  t h e  t h i c k e n e r .  
Yoshioka, -- e t  a l . (1957) and Hasset (1958) proposed t h e  so l  i d s  
f l u x  t heo ry  f o r  de te rmin ing  r e q u i r e d  area f o r  a  t h i c k e n e r .  They argued 
t h a t  i n  a  cont inuous t h i  ckener any concen t ra t i on  1  ayer  t r a v e l s  downward 
due t o  i t s  own s e t t l i n g  v e l o c i t y ,  V, and a l s o  due t o  downward under f low 
v e l o c i t y ,  . The t o t a l  s o l i d s  f l u x  through any l a y e r  then  i s  
vu 
The f i r s t  term, CV, i s  t h e  f l u x  due t o  s e t t l i n g  o f  t h e  s o l i d s  re1 a t i v e  
t o  t h e  l i q u i d ,  and t h e  second term, CV, i s  t h e  s o l i d s  f l u x  due t o  t h e  
under f low v e l o c i  t.y. The f l u x  th rough  t h e  t h i c k e n e r  may be w r i t t e n  as 
Combining Equat ions (2 .3)  and (2.4) one can o b t a i n  
which i s  t h e  same as Equat ion (2 .1)  developed by Coe and Clevenger i n  
I t ,  should  be no ted  t h a t  i n  t h e  d e r i v a t i o n  o f  t h e  s o l i d s  hand l i ng  
capac t i y  equat ions,  i t  was assumed t h a t  feed  s o l  i d s  a re  homogeneously 
d i s t r i b u t e d  across t h e  t h i c k e n e r  and t h a t  h o r i z o n t a l  concen t ra t i on  g r a d i -  
en t s  do n o t  e x i s t  i n  any l a y e r  o f  t he  bed i n c l u d i n g  t h e  under f low l a y e r .  
The g raph i ca l  p resen ta t i on  o f  Equat ions (2.3),  (2.4),  and 
(2.5) s i m p l i f i e s  a n a l y s i s  o f  cont inuous t h i ckene rs .  F i gu re  2  shows 
r e s u l t s  u s i n g  a  suspension of h i gh  grade ca lc ium carbonate.  The ba tch  
f l u x  cu rve  ( i . e .  C V  vs C) was ob ta ined  u s i n g  da ta  f rom m u l t i p l e  ba tch  
t e s t s .  The s o l  i d s  t r a n s p o r t  due t o  a  s p e c i f i c  under f low v e l o c i t y ,  Vu, 
i s  equal  t o  t h e  p roduc t  CV,. The summation o f  t h e  two curves i s  shown 
as G = CV + C V U  P o i n t  B on t h e  cu rve  i s  t h e  l i m i t i n g  s o l i d s  hand l i ng  
capac i t y ,  GL. A h o r i z o n t a l  1  i n e  drawn th rough  p o i n t  B i n t e r s e c t s  t h e  
t o t a l  f l u x  cu rve  a t  p o i n t  A which corresponds t o  t h e  concen t ra t ion ,  CL2. 
Th i s  concen t ra t i on  m igh t  e x i s t  i n  a  cont inuous t h i c k e n e r  s i n c e  i t  has 
t h e  same 1  i m i  t i n g  s o l  i d s  hand l i ng  capac i t y ,  GL. I f  concen t ra t ions  l e s s  
than  CLp shou ld  e x i s t  i n  t h e  t h i c kene r ,  t hey  would 1  i m i t  t h e  capac i t y  
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o f  t h e  t h i c k e n e r  s i n c e  i t s  s o l i d s  h a n d l i n g  c a p a c i t y  would  b e  l e s s  t h a n  
GL. The u n d e r f l o w  c o n c e n t r a t i o n  must be t h a t  o f  p o i n t  C because a t  t h e  
u n d e r f l o w  l e v e l ,  Cu = GL/Vu.  
The s o l i d s  h a n d l i n g  c a p a c i t y  c u r v e  c a l c u l a t e d  f r o m  Equa t ion  
(2.5)  a l s o  i s  shown i n  F i g u r e  2. Because G i n  Equa t ion  (2 .4 )  was t a k e n  
as t h e  a c t u a l  s o l i d s  f l u x  t h r o u g h  t h e  t h i c k e n e r ,  E q u a t i o n  (2.5)  i s  v a l i d  
o n l y  f o r  t h e  c o n c e n t r a t i o n s  o f  s o l i d s  which e x i s t  i n  t h e  t h i c k e n e r  (D ick ,  
1970a). Fo r  t h i s  reason, t h e  p l o t  o f  G a c c o r d i n g  t o  Equa t ion  (2 .5 )  does 
n o t  c o i n c i d e  w i t h  t h e  p l o t  o f  G a c c o r d i n g  t o  Equa t ion  (2 .3 )  excep t  a t  
p o i n t s  A and 6. 
Graph ica l  a n a l y s i s  o f  f l u x  d a t a  can be s i m p l i f i e d  (D ick ,  1970a) 
by d raw ing  a  l i n e  f r o m  GL t a n g e n t  t o  t h e  f l u x  cu rve  t o  i n t e r s e c t  t h e  
c o n c e n t r a t i  on a x i s  a t  Cu. T h i s  g r a p h i c a l  method o f  per formance p r e d i  c -  
t i o n  i s  i l l u s t r a t e d  i n  F i g u r e  3  f o r  an u n d e r f l o w  c o n c e n t r a t i o n  o f  800 
mg/l . Comparison w i t h  F i g u r e  2  w i l l  i l l u s t r a t e  t h e  v a l i d i t y  o f  t h e  
approach. 
From 1916 t o  1952 no g r e a t  c o n t r i b u t i o n  was made t o  t h e  theo-  
r e t i  c a l  aspects  o f  t h i c k e n i n g .  I h 1952 Kynch f o r m u l a t e d  t h e  mechani sm 
o f  b a t c h  t h i c k e n i n g  f o r  i d e a l  suspens ions.  H i s  work l e a d  t o  a  more 
tho rough  u n d e r s t a n d i n g  o f  t h e  conc lus ions  t h a t  Coe and C l  evenger (1  916) 
rnade about  t h e  e x i s t e n c e  o f  t h e  l i m i t i n g  s o l i d s  hand1 i n g  c a p a c i t y .  
Kynch assumed t h a t  t h e  v e l o c i t y ,  V, o f  any p a r t i c l e  i n  a  l a y e r  
was a  f u n c t i o n  o n l y  o f  l o c a l  c o n c e n t r a t i o n .  Mathemat ica l  a n a l y s i s  o f  
t h i  c k e r ~ i  ng p r e d i  c a t e d  on t h i s  assumpt ion l e a d  Kynch t o  conc lude  t h a t ,  
d u r i n g  b a t c h  t h i  cken i  ng, 1  ayers o f  s o l  i d s  a t  c o n s t a n t  c o n c e n t r a t i o n  a r e  
propogated upward a t  u n i f o r m  v e l o c i t i e s .  E x t e n s i o n  o f  Kynch's f i n d i n g s  
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t o  con t inuous  t h i c k e n i n g  l e a d s  t o  t h e  r e a l i z a t i o n  t h a t  a t  s teady  s t a t e  
c o n d i t i o n s  i n  con t inuous  t h i  ckeners , t h e  u n d e r f l  ow v e l o c i t y ,  Vu, e x a c t l y  
opposes t h e  upward p ropoga t ion  v e l o c i t i e s  o f  s ludge  l a y e r s .  The n e t  
e f f e c t  i s  a  s t a t i o n a r y  s o l  i d s  bed. 
2.3 - S o l i d s  P r o f i l e s  i n  Continuous Th ickeners  
T h e o r e t i c a l  a n a l y s i s  o f  t h i c k e n i n g  p r o v i d e s  a  b a s i s  f o r  p r e -  
d i c t i n g  s o l  i d s  c o n c e n t r a t i o n  p r o f i  l e s  w i t h i n  cont inuous t h i c k e n e r s  oper-  
a t i n g  a t  s teady  s t a t e .  Depending on t h e  form o f  t h e  b a t c h  f l u x  cu rve  
and t h e  magni tude o f  t h e  u n d e r f l  ow v e l o c i t y ,  con t inuous  and d i s c o n t i n u -  
ous g r a d i e n t s  i n  v e r t i c a l  c o n c e n t r a t i o n s  may e x i s t .  The r e l a t i o n s h i p  
between t h e  ba tch  f l u x  cu rve  and t h e  c o n c e n t r a t i o n  p r o f i l e  i s  ill l ~ s t r a t e d  
i n  F igures 4 and 5. For  t h e  under f low c o n c e n t r a t i o n ,  Cu, (equa l  t o  
GL/Vu), t h e  con t inuous  t h i c k e n e r  w i l l  be capable o f  r e c e i v i n g  t h e  s o l i d s  
f l u x ,  GL. I n s i d e  t h e  t h i c k e n e r ,  c o n c e n t r a t i o n s  CLl and CL2 w i l l  p r e v a i l  
and t h e r e  w i l l  be a  sharp  d i s c o n t i n u i t y  between these  two c o n c e n t r a t i o n s  
(see F i g u r e  5 ) .  A t  t h e  o u t l e t  o f  t h e  t h i c k e n e r  a  t r a n s i t i o n  would  be 
expected between t h e  c o n c e n t r a t i o n s  CLl and Cu. 
I n s p e c t i o n  o f  F i g u r e  4 a l s o  i n d i c a t e s  t h a t  f o r  h i g h e r  underf low 
c o n c e n t r a t i o n s ,  GL and CL2 w i l l  decrease, and C w i l l  i n c r e a s e  i n  magni- L  1  
tude .  
T h e o r e t i c a l l y ,  t h e  h e i g h t  of t h i c k  bed, hth, o f  c o n c e n t r a t i o n ,  
C ~ l  ' s h o u l d  be c a l c u l a t e d  as f o l l o w s :  
where h f  r e f e r s  t o  t h e  h e i g h t  o f  feed  l e v e l ,  hl i s  t h e  depth  o f  s l u d g e  
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o f  c o n c e n t r a t i o n  g r e a t e r  than  CL1, and M i!: t h e  t o t a l  we igh t  o f  s o l i d s  
s t o r e d  i n  a  u n i t  area of t h e  t h i c k e n e r .  I n  these  equa t ions  CLl and CL2 
can be determined f rom t h e  ba tch  f l u x  cu rve  f o r  t h e  r e q u i r e d  under f low 
concen t ra t i on ,  Cu. M and h f  shou ld  be de f i ned  by t h e  problem. However, 
t h e r e  s t i l l  i s  more than  one unknown, i .e., hth and hl . So, un less  
f u r t h e r  assumptions o r  equat ions can be w r i t t e n ,  hth cannot d i r e c t l y  be 
c a l  cu l  a ted.  
2.4 - Vol urne Requirement 
Wi th  f l o c c u l e n t  suspensions, s ludge  depth (and hence t h i c k e n e r  
volume) i n f l u e n c e s  s e t t l i n g  v e l o c i t y  (D ick  a r~d  Ewing, 1967a). Roberts 
(1949) hypothes ized t h a t  t h e  r a t e  a t  which wate r  i s  e l i m i n a t e d  f rom a  
f l o c c u l e n t  suspension i n  compression s e t t l i n g  i s  a t  a l l  t imes propor-  
t i o n a l  t o  t h e  amount o f  wa te r  remain ing t o  be e l im ina ted .  He e x p e r i -  
mental l y  v e r i f i e d  t h e  hypo thes is  f o r  two d i f f e r e n t  f l o c c u l e n t  suspen- 
s i o n s  and c a l  cu l  a ted  t h e  r e q u i r e d  compression depth i n  a  cont inuous 
t h i c k e n e r .  Mathemat ica l l y ,  t h e  hypo thes is  was fo rmu la ted  as f o l l  ows: 
where D i s  t h e  s l u r r y  d i l u t i o n  ( i  .e., we igh t  o f  l i q u i d  pe r  u n i t  we igh t  
of s o l i d s ) ,  D i s  t h e  d i l u t i o n  a t  i n f i n i t e  t ime,  and R i s  a  r a t e  cons tan t .  
He c a l c u l a t e d  t h e  r e q u i r e d  depth f o r  compression us i ng  f u r t h e r  equat ions 
based on Equat ion (2.7).  Behn and Liebman (1963) developed a  general  
equa t ion  f o r  c a l c u l a t i o n  o f  depth based on t h e  Robe r t ' s  hypo thes is .  
Dick (1  970b) i n d i c a t e d  t h a t ,  as a  p r a c t i c a l  ma t t e r ,  t h e  depth 
of t h i c k e n e r s  i s  commonly c o n t r o l l e d  by t h e  need f o r  s t o r i n g  s o l i d s  
which accumulate d u r i n g  p e r i  ods of peak 1 oadi rig. Another f a c t o r  whi ch 
invf luences proper  t h i c k e n e r  depth i s  t h e  need f o r  u n i f o r m l y  c o l l e c t i n g  
th ickened s ludge from t h e  bottom o f  t h e  t h i ckene r .  

eaosauu!.W ' Lned '7s 'Kuedwo3 WE '08~ JaqulnN fiolQqe3 Y YY 
LJnosskh ' sin01 .$s ' sy~o~ ~e3~way3 qpo~yui~ LPN YY 
'p 'p 'uoskp] 'YJP~ oluaw 'uoc$e~od~o3 sle3y~~ay3 pue sleJau;H p~eyl6u3 Y 
.Jaqaweip ui suo~3iw 0~ pue 02 uaaMqaq 
6ui~leg speaq ayq 40 quas~ad 06 qnoqe 47~~ suos~w 62 se~ ++* 
-3egnuew ayq Kq KL ~e3 !.do3so~3 ~w paJnseaw se 'Jaqawe ip a6e~a~e ayl *ocjb2 
jo K~~APJ~ 3~jpads e pey speaq ssp16 ayl 'JaqeM puno~6 uaqjos oq pasn 
si auk1 payels aJayM uoiqe~od~o3 JaqeM sioui~~~ uJayqJoN ayq go queld 
eueqvln aqq wo~j seM a6pnls 6uiuaqjos JaqeM ayl .pasn set4 que ~d ~o~quo3 
uo lqt-11 ~od ucaqeM u6 ~edtuey3-euequcn u iew ayq wo~j a6pn 1s paqe~ 133~ 
's3~qs~~aq3e~ey3 6ui Lqqas ~opadns pey ape~6 qua6ea~ ayl .paipnqs aJaM 
( 
 LOP Jaqulnu ape~6 qua6ea~ pue zcjo~ Jaqwnu ape~6 MOL) aqeuoq~e:, wnp~e:, Y Y 
jo sape~6 o~q jos3 iqs k~aq3e~ey3 ~e3 ~6o~oay~ l 'JayqJnj pa~ap isuo3 
qou aJaM sKe~3 ayq jo suoisuadsns 'K~quanbasuo3 *sakqucado~d 6ui lqqas 
~ood KJ~A paqiqiyxa (b .ON auoquiqes) Le13 ul~oey p~kyq ayq pue '6u~xiw 
40 a3uan lju! aU JaPun ~L~~~~L~L~~LS Paq'QJoiJaqaP (OOP dSW Pup OOL dSW) 
sLe 13 Ulloey ayq jo o~q jo sa~q~ado~d 6uklqqas ayl 'Lpnqs ay? uk asn * 
alqissod JOJ paqenlma aJaM speaq sse~6 auk4 pue 'abpnls 6uiuaqjos Jaqei4 
' a6pn 1s paqe~ i33e ' saqeqkd pa~d aqeuoq~e:, wn ~3 le3 quaucajj kp o~q ' sLe 13 
u i Loey quadajj ip aaJ yq jo suoisuadsns jo s3 kqsi~aq3e~ey3 
3.2 - Batch S e t t l  i n a  E a u i ~ m e n t  and Procedures 
3.2.1 - General 
* 
Batch s e t t l i n g  t e s t s  were performed i n  c y l  i n d r i  c a l  P l e x i g l a s  
columns o f  va r i ous  d iameters  and i n  1  1  i t e r  s tandard  graduated c y l  l n d e r s .  
F i gu re  6 shows schematic diagrams o f  t h e  columns. The i n s i d e  d iameters  
v a r i e d  between 3.18 cm and 19.00 cm. The P l e x i g l a s  columns had f l a t  
bot tom p l  a tes . 
Two s t i r r e r s  were used. S t i r r e r  F  (F i gu re  6 )  f i t  i n s i d e  
column B, and s t i r r e r  G f i t  i n s i d e  graduated c y l i n d e r  E. The s t i r r e r s  
were made o f  v e r t i c a l  s t a i n l e s s  s t e e l  rods, 0.48 cm i n  o u t s i d e  d iameter .  
The s t i r r e r s  covered t h e  e n t i  r e  depth o f  t h e  columns. The p o r t i o n s  
ex tend ing  f rom t h e  v e r t i c a l  r o d  were made o f  0.32 cm rods.  
3.2.2 - S e t t l i n g  Tes ts  w i t h  H igh  Grade Calcium Carbonate 
A master  suspension o f  h i  gh grade ca lc ium carbonate was p re -  
pared by adding t a p  wa te r  t o  22,600 grams o f  ca lc ium carbonate i n  a  
p l a s t i c  r e s e r v o i r  o f  60 1 i t e r s  maximum capac i t y .  The concen t ra t i on  o f  
t h e  suspension was about 450 mg/ l .  The r e s e r v o i r  con ten ts  were s t r o n g l y  
mixed w i t h  a  L i g h t n i n  M ixer  (Model C12, 1780 rpm) f o r  a  p e r i o d  o f  e leven  
days. The s e t t l i n g  v e l o c i t i e s  o f  t h e  suspension r a p i d l y  decreased 
d u r i n g  t h e  f i r s t  few days o f  m i x i ng  and then  remained almost constant .  
A s h o r t  p e r i o d  o f  m i x i n g  was done a t  l a t e r  t imes when samples o f  t h e  
suspension were taken  from t h e  main r e s e r v o i r  f o r  ba tch  o r  cont inuous 
s e t t l  i ng purposes. 
* 
Cast a c r y l i c  r e s i n  tubes, manufactured by Rohm and Haas Co., Ph i l ade lph ia ,  
Pennsyl vani  a  

Columns o f  3.18 crn, 8.90 crn, and 15.25 cm d iamete r  were used 
t o  i n v e s t i g a t e  s e t t l i n g  c h a r a c t e r i s t i c s  over  a  range o f  concen t ra t i ons  
between 50 and 740 grn/l. The s e t t l  i n g  v e l o c i t i e s  ob ta ined  d i d  n o t  
i n d i c a t e  a  s i g n i f i c a n t  w a l l  e f f e c t .  The h e i g h t  e f f e c t  was s t u d i e d  i n  
t h e  3.18 crr~ d ia r r~e te r  s e t t l i n g  column. Very sma l l  i nc reases  i n  s e t t l i n g  
v e l o c i t y  were observed w i t h  l a r g e r  i n i t i a l  h e i g h t s .  The e f f e c t  o f  
s t i r r i n g  on t h e  s e t t l  i n g  v e l o c i t y  was s t u d i e d  i n  a  1  l i t e r  c y l i n d e r .  
Tes ts  were performed under qu iescen t  c o n d i t i o n s  and a l s o  w i t h  a  s t i r r e r  
r o t a t i n g  a t  4  r e v o l u t i o n s  pe r  minute.  Two concen t ra t ions ,  225 gm/l and 
620 gm/l, were examined. No b e n e f i c i a l  e f f e c t  due t o  s t i r r i n g  was 
observed. 
3.2.3 - S e t t l i n a  Tes ts  w i t h  A c t i v a t e d  Sludae 
Tests  were performed t o  determine t h e  r e l a t i v e  s i g n i f i c a n c e  
o f  i n i t i a l  h e i g h t ,  c y l i n d e r  d iameter ,  and s t i r r i n g  on t h e  s e t t l  i n g  
v e l o c i t y  o f  a c t i v a t e d  s ludge.  As i n d i c a t e d  i n  F i g u r e  7, t h e r e  was a  
s i g n i f i c a n t  d i f f e r e n c e  i n  t he  s e t t l i n g  v e l o c i t i e s  between s t i r r e d  and 
u n s t i r r e d  t e s t s  a t  t h e  same i n i t i a l  h e i g h t .  
3.2.4 - S e t t l i n g  Tests  w i t h  S o f t e n i n g  Sludge 
S o f t e n i n g  s ludge  a t  a  concen t ra t i on  o f  about  100 g / l  was 
sheared f o r  5 days i n  t h e  apparatus used f o r  shear ing  o f  t h e  ca lc ium 
carbonate suspension and then e f f e c t s  o f  ba tch  sed imenta t ion  c o n d i t i o n s  
were observed. No s i g n i f i c a n t  d iamete r  e f f e c t s  were observed. The 
suspensions d i d  n o t  appear t o  change i t s  s e t t l i n g  c h a r a c t e r i s t i c s  due 
t o  h e a l i n g  a f t e r  t h e  i n i t i a l  p e r i o d  o f  s t r o n g  shear ing  and aging. 
C O N C E N T R A T I O N ,  mg/l  
FIGURE 7 ,  B A T C H  S E T T L I N G  V E L O C I T I E S  O F  A C T I V A T E D  S L U D G E  
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1 .  thickening Plexiglas column 
2. bottom stirrer 
3. feed funnel 
4. underflow pump 
5. overflow pump 
6. overflow reservof r 
7. flowmeter 
F I G U R E  8 ,  S C H E M A T I C  D IAGRAM O F  LABORATORY COt4TINUOUS 
T H I C K E N I N G  S Y S T E M  
amount o f  s o l i d s  i n  t h e  system d u r i n g  any one exper imenta l  r un  was 
cons tan t .  Four d i f f e r e n t  P l e x i g l a s  t h i c kene rs  w i t h  va r i ous  s t i r r e r s  
were used f o r  va r i ous  cont inuous t h i c k e n i n g  exper iments.  F i gu re  9  
i s  a  schematic diagram o f  these t h i c k e n e r s  and s t i r r e r s .  C o l u ~ ~ i r ~  A  was 
19.2 cm i n  i n s i d e  d iameter  and 180 cm h i g h  w i t h  a 60 degree-angle 
p l a s t i c  funne l  a t tached  t o  the  bottom. A1 ong t h e  s i des  o f  t h e  column 
and f unne l ,  29 sampl ing ho les were p l aced  on 6  crrl cen te rs .  T h i s  column 
d i d  n o t  have a  bot tom s t i r r e r .  
Th ickener  B  ( F i g u r e  9 )  was 15.25 crr~ i n  i n s i d e  d iamete r  and 
180 cm h igh ,  and had 32 sampl ing ho les.  I t  a l s o  was equipped w i t h  a  
s e r i e s  o f  rubber  s toppers  d r i l l e d  t o  accomr~iodate sma l l  n a i l s  which 
c o u l d  be removed t o  a l l o w  i n s e r t i o n  o f  a  s y r i n g e  t o  t a k e  samples a t  
any d i s t a n c e  f rom t h e  t h i c k e n e r  w a l l .  The bot tom s t i r r e r  (B) was 5  cm 
h igh  and made o f  0.65 cm d iameter  s t e e l  rods. The unde r f l ow  p o i n t  was 
5  cm f rom t h e  cen te r  o f  t h e  column. 
Th ickener  C was 19.00 cm i n  i n s i d e  diarneter and 60 cm h igh .  
The sampl ing p o i n t s  o f  t h e  column were s i m i l a r  t~ those  o f  t h i c k e n e r  B, 
and t h e  under f low l o c a t i o n  was 5  cm f rom t h e  cen te r  o f  t h e  column. The 
bot tom s t i r r e r  (C2) was made o f  0.65 cm d ia r r~e te r  s t e e l  rods w i t h  a  
lower  p o r t i o n  s i m i l a r  t o  s t i r r e r  ( B ) .  S t i r r e r  B  ( o r  C1) cou ld  a l s o  be 
used w i t h  t h i c k e n e r  C. 
Th ickener  D  cons i s t ed  o f  two p ieces o f  8.90 cm i n s i d e  d lameter  
P l e x i g l a s  columns a t tached  t o  each o t h e r  t o  make a  t o t a l  h e i g h t  o f  180 cm. 
I t  had 27 sampl ing ho les  s i m i l a r  t o  those  o f  t t - ~ i c k e n e r  A  b u t  on bo th  
s i des  o f  t h e  column. The under f low was 3  cm from t h e  cen te r  o f  t h e  
c y l i n d e r .  The bot tom s t i r r e r  (D) was made o f  0.46 d iamete r  s t e e l  rods. 
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FIGURE 9. SCHEMATIC DIAGRAM OF LABORATORY THICKENiNG COLUHNS AND STIRRERS 
3.3.2 - M o n i t o r i n g  o f  Opera t i  onal  Parameters -
The genera l  procedure f o r  m o n i t o r i n g  c o n s i s t e d  o f  measur ing 
t h e  f o l l o w i n g  parameters :  
a. C o n c e n t r a t i o n  o f  under f l ow ,  Cu 
b. V o l u m e t r i c  r a t e  o f  under f l ow ,  Qu 
c. T u r b i d i t y  and t h e  suspended s o l i d s  c o n c e n t r a t i o n  o f  o v e r f l o w ,  Cof 
d .  V o l u m e t r i c  r a t e  o f  o v e r f l o w ,  Q O f  
e. C o n c e n t r a t i o n s  a t  v a r i o u s  h e i g h t s  i n  t h e  s o l i d s  bed 
The measurements were t a k e n  a f t e r  t h e  con t inuous  system reached a  s teady  
s t a t e  f o r  a  s p e c i f i c  o p e r a t i o n a l  c o n d i t i o n .  I n  some exper iments,  excess 
h y d r o s t a t i c  heads a1 so were measured a t  v a r i o u s  e l e v a t i o n s  i n  t h e  t h i c k e n e r .  
The u n d e r f l o w  c o n c e n t r a t i o n  was determined by t a k i n g  one o r  
two samples, a t  p o i n t  B o f  F i g u r e  8 .  Fo r  t h i s  purpose p o i n t  G was clamped 
and p o i n t  B was opened irnrnedi a t e l y .  Suspended s o l  i d s  were measured by t h e  
g l a s s  f i b e r  f i l t e r  p rocedure  o u t l i n e d  by Gra t teau  and D ick  (1968).  The 
f e e d  c o n c e n t r a t i o n  was determined by t a k i n g  samples a t  p o i n t  C ( F i g u r e  8 ) .  . 
The t u r b i d i t y  o f  o v e r f l o w  was determined by t a k i n g  samples a t  p o i n t  D  
* 
and u s i n g  a  Hach t u r b i d i m e t e r .  The s o l  i d s  c o n c e n t r a t i o n  o f  t h e  o v e r f l  ow 
was de te r rn i r~ed  a t  samp l ing  p o i n t  D. The v o l u m e t r i c  r a t e  o f  o v e r f l o w  
was d e t e r m i r ~ e d  by measur ing t h e  o v e r f l o w  volume a t  p o i n t  D  f o r  f rom 1 t o  
4 r r~i  nu tes  . 
N e g l e c t i n g  t h e  o v e r f l o w  s o l  -Ids, t h e  vo lu rne t r i  c  r a t e  o f  under f l ow ,  
Qu , was c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  equa t ion :  
* 
Model 1860, Hach Chemi c a l  Co. , Ames, Iowa 
where every  parameter o t h e r  t han  Qu was determined expe r imen ta l l y .  
However, Qu was a l so  independent l y  determined i n  some exper iments.  The 
volume o f  f l o w  th rough  p o i n t  B w i t h  p o i n t  G clarrlped was measured f o r  
f rom 1 t o  5 minutes f o r  t h i s  purpose and t h i s  d i  r e c t  de te rm ina t i on  o f  
Qu checked very  c l o s e l y  w i t h  t h e  c a l c u l  a t ed  va lues from Equat ion (3.1). 
Concent ra t ion p r o f i l e s  i n  t l i e  bed o f  s o l i d s  cou ld  be determined 
b.v w i thd raw ing  samples f o r  suspelided so l - i  ds ana l ys i s  f rom t h e  sampl i n g  
p o i n t s  a1 ong t h e  c o l  umns. Concen t ra t ion  a t  any e l e v a t i o n  a l s o  coul  d  be 
determined r a p i d l y  us i ng  a r a d i o i s o t o p e  techn ique  spec i  F i c a l  l y  designed 
f o r  t h i s  purpose. The method i nvo l ved  pass ing  a collimated beam o f  
gamma r a d i a t i o n  f rom a 50 m i  l l i c u r i e  ~s~~~ source th rough  t h e  t h i c k e n e r  
c y l i n d e r  and c o u n t i n g  t h e  r a d i a t i o n  p e n e t r a t i n g  t h e  o t h e r  s i d e  o f  t h e  
column. The source and d e t e c t i o n  equipment was mounted on a movable 
p l  a t  form t o  pe rm i t  s o l  i ds p r o f i  l e s  th roughou t  t h e  e n t i  r e  c o l  umn depth 
t o  be determined. The equipment has been descr ibed  i n  more d e t a i  1  by 
Javaher i  ( 9  971 ) . 
The r a d i a t i o n  systern was used i n  de te rm ina t i on  o f  c o n c e n t r a t i o n  
p r o f i  l e s  o f  t h e  s o l i d s  beds i n  t h i c k e n i n g  o f  c a l  c i  urn carbonate suspensions, 
s o f t e n i n g  sludges, and g lass bead suspensions. It cou ld  n o t  be used w i t h  
a c t i v a t e d  s ludge  because o f  t h e  low d e n s i t y  o f  t h e  suspensions. Because 
c a l i b r a t i o n  o f  t h e  r a d i a t i o n  system was i n f l u e n c e d  by exac t  p o s i t i o n  
r e l a t i v e  t o  t h e  column, no c a l i b r a t i o n  curve was used. Ins tead ,  samples 
f o r  suspended s o l  i d s  ana l ys i s  were taken  a t  va r ious  1  oca t ions  i n  t h e  
column, and r e s u l t s  f rom t h e  r a d i a t i o n  p r o f i l e s  were used t o  i n t e r p o l a t e  
between t h e  da ta  p o i n t s .  
Piezorrletr i  c  pressures a t  d i  f f e r e n t  e l e v a t i o n s  o f  t h e  cont inuous 
t h i c k e n e r  were measured by u s i n g  t h e  dev i ce  shown i n  F i gu re  10. The con- 
nec t i ons  between t h e  p i  ezometer tubes and t h e  t h i c k e n e r  sampl i ng p o i n t s  
were made w i t h  p l a s t i c  tees,  and p o i n t  B  was clamped a t  a1 1  t imes  except  
d u r i n g  p ressure  measurement. P o i n t  A was opened o n l y  t o  f i l l  t h e  tubes 
w i t h  wa te r  t o  an e l  e v a t i o n  we1 1  above t h e  over f low 1  eve1 o f  t h e  t h i c k e n e r .  
For measurement o f  p ressure  a t  a  sampl ing p o i n t ,  p o i n t  B  was opened. Th i s  
caused a  smal l  volume o f  water,  l e s s  t han  10 m l ,  t o  f low f rom t h e  tube  
t o  t h e  t h i c k e n e r .  I n  a  few seconds, a  ba lance between t h e  pressures o f  
t he  t h i c k e n e r  suspension and t h e  p iezometer  wa te r  was reached and t h e  
p i ezome t r i c  wa te r  e l e v a t i o n  was t hen  read by a  s l i d i n g  r u l e r .  The pres-  
su re  readings were ex t reme ly  r ep roduc ib l e .  By c l o s i n g  and opening p o i n t  
B y  i t  was always p o s s i b l e  t o  read  t h e  same pressure  w i t h  v a r i a t i o n s  o f  
o n l y  1  mm o r  l e s s .  
3.4 - Pre l  i r r l inary Cor l t i  rluous Th icken ing  Exper iments w i t h  Cal c i  um Carbonate 
3.4.1 - E l i m i n a t i o n  o f  Cor ing 
P re l  -irrl i na ry  cor l t inuous t h i c k e n i n g  exper iments w i t h  ca l c i um  ca r -  
bonate were performed i n  colurnn A ( F i gu re  9 )  which had a  s loped bottom 
s e c t i o n .  I n i t i a l  r e s u l t s  d i d  no t  agree w e l l  w i t h  p r e d i c t i o n s  f rom t h i c k -  
en ing  t h e o r y  (Javaher i  , 1971 ) and l ead  t o  i n v e s t i g a t i o n  o f  t h e  p o s s i b i l i t y  
t h a t  un i f o rm  s o l i d s  c o l l e c t i o n  f rom t h e  t h i c k e n e r  bottom was n o t  be ing  
ach i  eved . 
F igure  11 shows r e s u l t s  of a  cont inuous t h i c k e n i n g  exper iment  
i n  which concen t ra t i ons  were rr~easured a t  t h e  w a l l  and a t  t h e  c e n t e r  o f  
t h i c k e n e r  A t o  eva lua te  t h e  p o s s i b i l i t y  o f  uneven d i s t r i b u t i o n  o f  s o l i d s .  
These r e s u l t s  arld o thers  i n d i c a t e d  t h a t  a  " c o r i n g "  e f f e c t  was c rea ted  
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GRADIENTS I N  THICKENER A 
a t  t h e  t h i c k e n e r  bottom, and l ead  t o  development o f  t h i c k e n e r  B i n  which 
s t i r r i n g  a t  t h e  under f low l e v e l  was used as a  means t o  ach ieve u n i f o r m  
d i s t r i b u t i o n  o f  s o l  i d s .  The bottom s t i r r e r  ( F i g u r e  9 )  cou ld  be r o t a t e d  
a t  speeds from 0  t o  more t han  100 rpm, and i t  was necessary t o  es tab l - i sh  
an optimum speed w i t h i n  t h a t  range. Optimum s t i r r i n g  was t h a t  i n t e n s i t y  
wi i ich s u f f i c i e n t l y  mixed t h e  contents  o f  t h e  bottom s e c t i o n  o f  t h e  t h i c k -  
ener  and r e s u l t e d  i n  a  homogeneous concen t ra t i on  a t  any h o r i z o n t a l  l a y e r  
a t  t h a t  s e c t i o n .  Also, t h e  magnitude o f  t h e  induced v e l o c i t i e s  due t o  
s t i r r i n g  t h e  bottom s e c t i o n  were t o  be low enough t o  avo id  a  h i n d e r i n g  
o f  t h e  g r a v i t a t i o n a l  s e t t l i n g  a t  e l e v a t i o n s  above t h e  s t i r r i n g  zone. 
Th i s  optimum v e l o c i t y  was env i s i oned  t o  be a  f u n c t i o n  o f  t h e  
phys i  c a l  c h a r a c t e r i s t i c s  o f  a  g iven  suspension. 
Exper iments performed w i t h  ca l c i um  carbonate and t h i c k e n e r  B  
w i t h o u t  s t i r r i n g  r e s u l t e d  i n  a  c o r i n g  a c t i o n  s i m i l a r  t o  t h a t  observed 
w i t h  t h i c k e n e r  A ( F i g u r e  11) .  When t h e  amount o f  s t o r e d  s o l i d s  was 
inc reased  , t h e  underf 1  ow was compl e t e l y  c l  ogged . 
By per fo rming  cont inuous exper iments (Javaher i  , 1971 ) w i t h  
c a l  c i  um carbonate a t  d i  f f e r e n t  u n d e r f l  ow v e l  o c i  t i  es and we igh t  o f  
s t o r e d  s o l i d s ,  speeds between 9  and 50 rpm were found t o  be op t ima l .  
3.4,2 - Establ ishment  o f  Steady-State  Cond i t ions  
Experiments were performed i n  t h i c k e n e r  B w i t h  ca l c i um  carbo- 
na te  t o  f i n d  t h e  minimum amount o f  t i m e  r e q u i r e d  f o r  t h e  estab l ishrnent  
o f  s teady s t a t e  cond i t i ons  i n  which d i s t r i b u t i o n  o f  s ludge s o l i d s  con- 
c e n t r a t i o n  was constant .  The s o l i d s  were w e l l  mixed i n  t h e  t h i c k e n i n g  
column i n i t i a l l y  and then  cont inuous o p e r a t i o n  o f  t h e  t h i c k e n e r  was 
s t a r t e d .  The under f low concen t ra t i on  and t h e  sharp demarcat ion 1  i n e  
between t h e  two concen t ra t i ons  were measured as a  f u n c t i o n  o f  t ime.  
F i gu re  12 shows two t y p i c a l  exper iments.  It was observed t h a t  t h e  
under f low c o n c e n t r a t i o n  inc reased  t o  a  s teady va lue i n  a  m a t t e r  o f  4 
t o  5  hours and t h e  e l e v a t i o n  o f  t h e  t h i c k  bed reached a  s teady s t a t e  
va l ue  a t  a  s l i g h t l y  1  a t e r  t ime .  A t  h i g h e r  under f low v e l o c i t i e s  t han  
those  shown i n  F i gu re  12, t h e  t i m e  f o r  t h e  es tab l i shment  o f  s teady  s t a t e  
was l e s s  than  4 t o  5  hours.  
Ex tens ive  s tudy  o f  unsteady s t a t e  t h i c k e n i n g  was n o t  done; 
however, methods were dev ised t o  assure t h e  measurement o f  t h e  t h i c k -  
e n i  ng parameters a t  t h e  s teady s t a t e  cond i t i ons  . Opera t iona l  t imes 
were chosen a t  conse rva t i ve  values g r e a t e r  than  4 t o  5  hours i n  most o f  
t h e  exper iments.  I n  a d d i t i o n ,  t h e  r a d i o i s o t o p e  method was used t o  
r a p i d l y  mon i t o r  s o l i d s  concen t ra t ions  a t  a  few e l e v a t i o n s  t o  assure 
achievement o f  s teady s t a t e  c o n d i t i o n s .  Also, f o r  most exp'eriments, a  
sample o f  under f low was taken  about one hour  b e f o r e  f i n a l  rnoni- 
t o r i n g  f o r  c o n c e n t r a t i o n  de te rmina t ion .  The concen t ra t i ons  so determined 
agreed c l o s e l y  w i t h  t h e  f i n a l  de te rmina t ions .  
3.5 - P r e l  i m i r ~ a r y  Continuous Th icken ing  Experiments w i t h  Other  Suspensions 
Experiments were conducted w i t h  a c t i v a t e d  sludge, wa te r  s o f t e n -  
i n g  s ludge, and suspensions of  g lass  beads t o  determine t h e  optirrluln speed 
o f  s t i r r i n g  a t  t h e  t h i c k e n e r  bot tom and t h e  t i m e  r e q u i r e d  f o r  e s t a b l i s h -  
ment o f  s t eady -s ta te  c o n d i t i o n s .  V a r i a t i o n s  i n  s e t t l i n g  p r o p e r t i e s  o f  
a c t i v a t e d  s ludge  i n  cont inuous t h i ckene rs  a l s o  were i n v e s t i g a t e d .  
Experiment A 
I  I 1000 
- 800 
underf low concen t ra t i on  
M = 16.5 gm/cm 2 - 600 
V = 0.271 cm/min 
U 
400 
e l e v a t i o n  o f  t h i c k  bed 
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FIGURE 12. TYPICAL UNSTEADY STATE THICKENING OF CALCIUM 
CARBONATE 
3.5.1 - Optimum Speed o f  S t i r r i n g  
I n  exper iments w i t h  a c t i v a t e d  sludge, a  s t i r r i n g  speed i n  
t h e  range o f  2  t o  3  rpm was found op t ima l  ( Javahe r i ,  1971 ) . A t  op t ima l  
speeds maximum under f low concen t ra t ions  were obta ined.  A t  speeds be1 ow 
2 rpm, a  smal l  degree o f  c o r i n g  t ook  p l  ace as evidenced by 1  ower under- 
f l o w  concen t ra t ion ,  and s i g n i f i c a n t  c o r i n g  took  p l ace  when no s t i r r i n g  
was used. A t  h i g h  speeds, a c t i v a t e d  s l  udge above t h e  s t i r r i n g  zone was 
d i s t u rbed ,  f l o c  s t r u c t u r e  broke down, g r a v i t a t i o n a l  s e t t l i n g  was adverse ly  
a f f e c t e d ,  and under f low concen t ra t ions  were reduced. A s t i r r i n g  speed 
o f  2  rpm a l s o  was found t o  produce maximum u r ~ d e r f l o w  c o n c e n t r a t i o r ~  i n  
exper iments w i t h  s o f t e n i n g  sludges. Speeds between 10 a r ~ d  20 rprn were 
optimum f o r  g lass  bead suspensi ons. 
3.5.2 - T-lme Requirement f o r  Es tab l  i s h i n g  Steady-State  
Exper iments s i m i l a r  t o  those i l l u s t r a t e d  i n  F igu re  12 were 
performed w i t h  a c t i v a t e d  sludge, wa te r  s o f t e n i n g  s ludge,  and t h e  sus- 
pension o f  g lass  beads. Per iods o f  approx imate ly  2  hours,  4 hours,  and 
1 hour,  r e s p e c t i  ve l y ,  were r equ i r ed .  Amp1 e ope ra t i on  t i m e  beyond these 
1 i m i t s  was a1 lowed f o r  t h e  es tab l i shment  o f  s t eady -s ta te  i n  t h e  e x p e r i -  
ments r e p o r t e d  1 a t e r .  The t h i c k  bed u s u a l l y  reached a cons tan t  p o s i t i o n  
i n s i d e  t h e  t h i c k e n e r  and remained there ,  sometimes f o r  hours, b e f o r e  t h e  
system was moni tored.  
3.5.3 - V a r i a t i o n s  i n  S e t t l  i n g  C h a r a c t e r i s t i c s  o f  A c t i v a t e d  Sludge 
To o b t a i n  meaningful  cont inuous t h i c k e n i n g  r e s u l t s ,  i t  was 
e s s e n t i a l  t h a t  no l a r g e  changes i n  t h e  s e t t l i n g  c h a r a c t e r i s t i c s  o f  
t h e  a c t i  v a t e d  s  1 udge occur red .  The p r e l  i m i  n a r y  con t inuous  exper iments  
i n d i c a t e d  t h a t  sma l l  amounts o f  gas were produced i f  t h e  s l u d g e  remained 
i n  t h e  con t inuous  t h i c k e n e r  f o r  about one day. The gas p r o d u c t i o n  
r a p i d l y  i n c r e a s e d  a f t e r  one day and l e a d  t o  a  p a r t i a l  r i s e  o f  t h e  a c t i -  
va ted  s l u d g e  i n  t h e  t h i c k e n e r .  To e l i m i n a t e  t h i s  problem, t h e  c o n t e n t s  
of  t h e  t h i c k e n e r  were a e r a t e d  f o r  about 10 minutes  a f t e r  one o r  two  con- 
t i n u o u s  exper iments,  depending on t h e i r  d u r a t i o n .  T h i s  p r a c t i c e  was 
found t o  be  u s e f u l  i n  reduc ing  t h e  number o f  bubbles t r a v e l  i n g  t h r o u g h  
t h e  bed. 
Batch s e t t l i n g  t e s t s  were per formed a f t e r  con t inuous  e x p e r i -  
rnents t o  de te rm ine  i f  any changes i n  s ludge  s e t t l e a b i  1  i t y  occu r red .  
For  t h i s  purpose, a  1  1  i t e r  graduated c y l i n d e r  w i t h  a  4 rpm s t i r r e r  was 
used. I t  was concl  uded ( J a v a h e r i  , 1971 ) t h a t  con t inuous  exper iments  
c o u l d  be r u n  f o r  up t o  a  week w i t h  an a c t i v a t e d  s l u d g e  b e f o r e  extreme 
d e t e r i  o r a t i o n  o f  s e t t  1  i ng qua1 i ty  woul d  t a k e  p lace .  
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FIGURE 13. TYPl CAL SOL1 DS PROFILE W ITH CALCIUM CARBONATE 
I N  THICKENER B 
t h e  o v e r f l o w  c o n t r a c t i o n .  I t  was p o s s i b l e  f o r  t h e  1  i m i  t i n g  c o n c e n t r a t i o n  
t o  reach t o  t h e  feed  l e v e l .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  14. The cause 
and s i g n i f i c a n c e  o f  t h i s  i s  d i scussed  i n  S e c t i o n  4.2.3. 
4.2.1 - C a l c u l a t i o n  o f  S e t t l i n g  V e l o c i t i e s  
The s e t t l i n g  v e l o c i t i e s  o f  t h e  c o n c e n t r a t i o n  l a y e r s ,  CLl and 
CL2, were c a l c u l a t e d  f rom t h e  r e 1  a t i o n s h i p  
Here,  G, Vu,  and C ( i  .e. ,  CLl o r  C ) were known. T h e r e f o r e ,  t h e  g r a v i -  L  2  
t a t i  ona l  s e t t l  i n g  v e l o c i t y ,  V, co r respond ing  t o  t h e  c o n c e n t r a t i o n ,  C, 
c o u l d  he c a l c u l a t e d .  The v e l o c i t i e s  c a l c u l a t e d  by  u s i n g  d a t a  f rom t h e  
19 c a l  c i  um ca rbona te  con t inuous  t h i c k e n i n g  exper imen ts  a r e  shown i n  
F i g u r e  15. The d i f f e r e n t  symbols i d e n t i f y  t h e  i n d i v i d u a l  exper iments .  
Norma l l y ,  each symbol appears t w i c e  i n  F i g u r e  15 - one c o r r e s p o n d i n g  
t o  t h e  h i g h  v e l o c i t y  a t  c o n c e n t r a t i o n  CL2 and one c o r r e s p o n d i n g  t o  t h e  
low v e l o c i t y  o f  CLl. Some p o i n t s  have been o m i t t e d  f r o m  t h e  f i g u r e  t o  
a v o i d  c rowd i  ng . 
The s o l i d  p o i n t s  i n  F i g u r e  15 r e f e r  t o  s e t t l i n g  v e l o c i t i e s  
o b t a i n e d  i n  b a t c h  t e s t s  i n  t h e  3.18 cm column w i t h  an i n i t i a l  h e i g h t  o f  
100 cm. Dark hexagonal  p o i n t s  r e f e r  t o  t h e  b a t c h  t e s t s  per formed about  
3 months b e f o r e  t h e  con t inuous  exper imen ts .  The da rk  c i r c l e s  r e f e r  t o  
b a t c h  t e s t s  per for r r~ed i n  t h e  m i d d l e  o f  t h e  con t inuous  exper imen ts .  Gen- 
e r a l l y ,  t l i e  b a t c h  s e t t l  i r ~ g  c h a r a c t e r i s t i c s  o f  c a l c i u m  ca rbona te  d i d  n o t  
show any s i g n i f i c a n t  i n d i c a t i o n  o f  v a r i a b i  li t y  w i t h  t i m e .  A d d i t i o n a l  
b a t c h  t e s t s  were per formed d u r i n g  t h e  con t inuous  exper iments  and they  
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FIGURE 14, SOLIDS PROFILE OF CALCIUM CARBONATE 
WITHOUT SECOND CRITICAL CONCENTRATION 
CONCENTRAT I O N ,  gm/ 1 
F I G U R E  15 .  S E T T L I N G  V E L O C I T I E S  O F  C A L C I U M  CARBONATE I N  
BATCH AND CONTINUOUS T H I C K E N I N G  
agreed w i t h  da ta  presented i n  F igure  15 b u t  were n o t  i nc l uded  t o  avo id  
crowding o f  t h e  f i g u r e .  
4.2.2 - P r e d i c t i o n  o f  Performance f rom Batch Tests  
A batch f l u x  curve developed f rom t h e  batch s e t t l i n g  v e l o c i t i e s  
o f  F igure  15 was shown as F igu re  3. Graphica l  a n a l y s i s  o f  F i gu re  3 was 
used t o  p r e d i c t  t h e  performance o f  a cont inuous t h i c k e n e r  f rom t h e  batch 
t e s t s  as shown on t h e  " p r e d i c t e d  performance" l i n e  i n  F igure  16. The 
exper i rnental  l y  determined s o l  i d s  fl ux, G, and t he  under f low concen t ra t ion ,  
Cu, a re  a l s o  p l o t t e d  i n  F igure  16 f o r  comparison. The s tandard  d e v i a t i o n ,  
a, o f  t h e  s o l i d s  f l u x  p o i n t s  f rom t h e  p r e d i c t i o n  cu rve  i n  F igure  16 
2 
was 0.01 22 gm/cm /min and t h e  c o e f f i c i e n t  o f  v a r i a t i o n  was 0.555. 
4.2.3 - P r e d i c t i o n  o f  Required Volume 
The performance o f  t h e  cont inuous t h i c k e n e r  exper iments w i t h  
ca lc ium carbonate were s a t i s f a c t o r i l y  analyzed us i ng  t h e  ba tch  f l u x  theory .  
However, t h e  amount o f  s t o r e d  s o l i d s  and t h e  volume below feed l e v e l  d i f -  
f e r e d  apprec i  a b l y  f o r  va r i ous  exper iments.  Apparent ly ,  t h e  volume o f  t h e  
t h i c k e n e r  p layed  a r o l e  i n  p r o v i d i n g  space f o r  t h e  s t o r e d  s o l i d s  b u t  t h e  
v a r i a t i o n  i n  t h e  amount o f  s t o r e d  s o l i d s  d i d  no t  a f f e c t  t h e  performance o f  
t h e  t h i c k e n e r .  Moreover, t he  s l i g h t  h e i g h t  e f f e c t  p r e v i o u s l y  i n d i c a t e d  
i n  t h e  ba tch  s e t t l i n g  o f  ca lc iur r~  carbonate suspensions was n o t  observed i n  
cont inuous exper iments.  I f  a h e i g h t  e f f ec t  e x i s t e d  i n  t h e  cont inuous 
exper iments,  i t  cou ld  n o t  be d i  f f e r e n t i  a ted from exper imenta l  e r r o r .  
It was observed t h a t  a t  a l l  ope ra t i ng  cond i t i ons  t h e  s o l i d s  
d i s t r i b u t e d  themsel ves i n  t h e  t h i c k e n e r  such t h a t  t h e  second c r i t i c a l  
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FIGURE 16. ACTUAL AND PREDICTED THICKENING 
OF CALC l  IJM CARBONATE 
concen t ra t i on  reached t o  t h e  feed  l e v e l  ( F i g u r e  13) .  Rare ly  d i d  t h e  
f i r s t  c r i t i c a l  concen t ra t ion  reach t h e  feed l e v e l .  I t  would seem 
t h a t  t h i s  1  a t t e r  c o n d i t i o n  represents  rr~axirrluln u t i  1  - l za t i on  of t h i c k e n e r  
volume and t h a t  t h e  ex i s tence  o f  a  1  arge zone o f  concen t ra t i on  CL2 i s  
an i n d i c a t i o n  t h a t  optiniurr~ u t i l i z a t i o n  o f  t h e  a v a i l a b l e  vo l lme i s  n o t  
accornpl i s  hed. 
The h e i g h t  o f  t he  t h i c k  bed occupied by s o l i d s  a t  concentra- 
t i o n  CLl cou ld  be es t imated  as f o l l ows .  Given t h e  we igh t  o f  s t o r e d  
s o l  i ds ,  M, and an assumed e l e v a t i o n  o f  feed 1  eve1 , hf,  
where m i s  t h e  smal l  amount o f  s o l i d s  between CLl and Cu a t  t h e  s t i r r i n g  
zone o f  t he  t h i c k e n e r  and can be neg lec ted  f o r  p r a c t i c a l  purposes. For 
a  p a r t i c u l a r  under f low concent ra t ion ,  Cu, t h e  values o f  CL1 and CL2 can 
be determined from t h e  ba tch  f l u x  curve. Consequently, t h e  h e i g h t  o f  the  
t h i c k  bed, hth , can be ca l cu la ted .  Th i s  method was used t o  p r e d i c t  t h e  
t h e o r e t i c a l  he igh t s  o f  the t h i c k  beds i n  t h e  19 cont inuous t h i c k e n e r  
experiments w i t h  ca lc ium carbonate. The r e s u l t s  a re  shown i n  F igure  17. 
The agreement i s  ext remely  good except  f o r  two p o i n t s  which correspond t o  
low u n d e r f l  ow concen t ra t i  ons . 
4.2.4 - Pressures i n  S o l i d s  Bed 
Unl i ke n o n - f l  occul en t  suspensions where t h e  p a r t  i c l  es do n o t  
deform under con tac t  o r  e f f e c t i v e  pressures,  t h e  f l o c  p a r t i c l e s  o f  a  
f l o c c u l e n t  ca lc ium carbonate suspension coul d  deform under such pressures.  
Th i s  deformat ion cou ld  p o s s i b l y  l ead  t o  a  reduc t i on  i n  f l o c  s i zes ,  l o s s  
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F I G U R E  17, COMPARISON OF ACTUAL AND P R E D I C T E D  H E I G H T  OF 
T H I C K  BED I N  C A L C I U M  CARBONATE T H I C K E N I N G  
of  wa te r  f rom t h e  f l o c ,  and inc rease  i n  s e t t l i n g  v e l o c i t y .  Measurement 
o f  pore wa te r  pressure was under taken t o  eva lua te  these  e f f e c t s .  
A  d e s c r i p t i o n  o f  t h i s  phenomenon i s  a v a i l  ab l e  i n  t h e  conso l ida -  
t i o n  t heo ry  of Terzaghi  u s u a l l y  a p p l i e d  t o  s o i l  problems. Accord ing t o  
Terzaghi  (Tay lo r ,  1948), t h e  t o t a l  pressure,  o r  s t r ess ,  a p p l i e d  t o  a  s o i l  
mass i s  coun te rac ted  by e f f e c t i v e  pressures developed between t h e  s o i l  
p a r t i c l e s  and t h e  pore  wa te r  pressure.  Hence, t h e  t o t a l  pressure,  Pt, 
can be w r i t t e n  as: 
where Pe and u, r e s p e c t i v e l y ,  r e f e r  t o  t h e  e f f e c t i v e  p ressure  and t h e  
t o t a l  po re  wa te r  pressure.  Increases i n  t h e  t o t a l  pressure on a  conso l i  - 
d a t i n g  s o i l  mass i nc rease  t h e  pore  wa te r  pressure imnied ia te ly .  The t i m e  
dependent d i s s i p a t i o n  o f  t h i s  pore  wa te r  p ressure  due t o  escape o f  wa te r  
f rom t h e  s o i l  mass and consequent increases i n  t h e  magnitude o f  t h e  e f f e c -  
t i v e  p ressure  leads  t o  t h e  volume r e d u c t i o n  o r  c o n s o l i d a t i o n  o f  t h e  s o i l  
mass. 
Pore wa te r  pressures were measured by t h e  apparatus o f  F i gu re  
10. Ana lys is  o f  t h e  r e s u l t s  i n d i c a t e d  t h a t  smal l  e f f e c t i v e  pressures 
3 ( i n  t h e  o r d e r  o f  1  gm/cm ) e x i s t e d  i n  t h e  lower  l a y e r s  o f  t h e  s o l i d s  bed. 
I n  view o f  t h i s  low va lue  and t h e  absence o f  s i g n i f i c a n t  i n f l u e n c e  o f  
s ludge  depth on performance, f u r t h e r  ana l ys i s  o f  po re  pressures i n  con- 
t i nuous  t h i c k e n i n g  o f  ca lc ium carbonate d i d  n o t  seem promis ing.  
4.2.5 - S i g n i f i c a n c e  o f  Other Th icken ing  Parameters 
The feed concen t ra t i on  p lays  a  r o l e  i n  a  t h i c k e n i n g  tank  as i t  
a f f e c t s  t h e  s o l i d s  f l u x ,  G, wh ich i s  equal  t o  C f V f  ( o r  CuVu) . Changes i n  
t h e  f e e d  c o n c e n t r a t i o n  d i d  n o t  g e n e r a l l y  a f f e c t  t h e  t h i c k e n i n g  per formance 
o f  t h e  t a n k ,  b u t  t h e y  s i g n i f i c a n t l y  a f f e c t e d  t h e  c l a r i f i c a t i o n  f u n c t i o n .  
The i n c r e a s e d  v o l ~ ~ m e  o f  l i q u i d  a s s o c i a t e d  w i t h  more d i l u t e  feeds passes 
t h r o u g h  t h e  o v e r f l o w  and consequen t l y  i n c r e a s e d  t h e  t u r b i d i t y  o f  t h e  o v e r -  
f l o w  l i q u i d .  Observed o v e r f l o w  t u r b i d i t i e s  as a  f u n c t i o n  o f  o v e r f l o w  
v e l o c i t y  a r e  shown i n  F i g u r e  18. The r e l a t i o n s h i p  between t u r b i d i t y  and 
suspended s o l  i d s  c o n c e n t r a t i o n  ( i n  mg/ l )  i n  t h e  range o f  10  t o  100 JTU 
was found  t o  be: 
There  was l i t t l e  ev idence  t h a t  t h e  volume between t h e  feed  1  e v e l  and t h e  
o v e r f l o w  1  eve l  i n f l  uenced t h e  o v e r f l o w  t u r b i d i t y  except  t h a t  s o l  i d s  were 
drawn t o  o v e r f l o w  because o f  l o c a l  v e l o c i t i e s  around t h e  o v e r f l o w  c o n t r a c -  
t i o n  when t h i s  volume was v e r y  s m a l l .  
The v a r i a t i o n s  i n  t h e  s o l i d s  and h y d r a u l i c  d e t e n t i o n  t imes  d i d  
n o t  p l a y  s i g n i f i c a n t  r o l e s  i n  t h e  t h i c k e n i n g  f u n c t i o n  o f  a  s e d i m e n t a t i o n  
t a n k .  Rather,  t h e  t h i c k e n i n g  per formance o f  a1 1  c a l c i u m  carbonate  e x p e r i  - 
ments was p r e d i c t e d  f r o m  t h e  s o l  i d s  f l u x  t h e o r y .  Hydrau l  i c  and s o l  i d s  
d e t e n t i o n  t irnes a r e  n o t  fundamental  v a r i a b l e s  i n  t h i s  t h e o r y .  
4.3 - Continuous T h i c k e n i n g  o f  A c t i v a t e d  S ludge 
T h i c k e n i n g  c h a r a c t e r i s t i c s  o f  f o u r  d i f f e r e n t  samples o f  a c t i v a t e d  
s l u d g e  were examined i n  t h e  cont inuous t h i c k e n e r s  B and C. A  t o t a l  o f  3 5  
con t inuous  t h i c k e n e r  exper iments  were conducted.  Ba tch  s e t t l i n g  v e l o c i t i e s  
were measured t o  p e r m i t  p r e d i c t i o n  o f  t h e  performance o f  t h e  con t inuous  
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F I G U R E  18, C L A R l F I C A T l O N O F T H E  CALCIUM 
CARBONATE SUSPENSION 
t h i c k e n e r s .  
4.3.1 - Suspended Sol  i d s  P r o f i l e s  
F i g u r e  1 9  shows a  t y p i c a l  s o l i d s  p r o f i l e .  The p r o f i l e  i s  v e r y  
s i m i l a r  t o  t h o s e  o b t a i n e d  by  A l b r e c h t ,  -- e t  a1 . (1966) i n  a  1  a rge  a c t i v a t e d  
s l u d g e  s e t t l i n g  t a n k .  S i m i l a r i t y  a l s o  e x i s t s  between t h e  shapes o f  t h e  
p r o f i l e  i n  F i g u r e  19 and t h a t  o b t a i n e d  by Comings, -- e t  a l . (1940).  The 
t h i c k  bed d i d  n o t  have a  s i n g l e  c o n c e n t r a t i o n  as was t h e  case w i t h  c a l c i u m  
carbonate .  I n s t e a d ,  v e r t i c a l  c o n c e n t r a t i o n  g r a d i e n t s  e x i s t e d  i n  t h e  bed 
and no d e f i n i t e  f i r s t  c r i t i c a l  c o n c e n t r a t i o n  c o u l d  be d e f i n e d .  These v e r -  
t i  c a l  g r a d i e n t s  were 1  ess pronounced when t h e  u n d e r f l  ow c o n c e n t r a t i  on was 
decreased due t o  t h e  h i g h e r  u n d e r f l o w  v e l o c i t y  as i l l u s t r a t e d  i n  F i g u r e  20. 
The v e r t i c a l  g r a d i e n t s  i n  c o n c e n t r a t i o n s  o f  t h e  t h i c k  bed a r e  c o n s i d e r e d  
t o  b e  due t o  t h e  h i g h l y  f l o c c u l e n t  n a t u r e  o f  a c t i v a t e d  s ludge .  
As w i t h  c a l c i u m  carbonate ,  when t h e  s o l i d s  c o n t e n t  o f  t h e  t h i c k -  
e n e r  i nc reased ,  o r  t h e  f e e d  funne l  was lowered,  i t  was p o s s i b l e  f o r  t h e  
second c r i t i c a l  c o n c e n t r a t i o n  n o t  t o  e x i s t  a t  a l l  . 
4.3.2 - P r e d i c t i o n  o f  Performance f rom Ba tch  Tests  
Comparison o f  b a t c h  s e t t l i n g  v e l o c i t i e s  i n  s t i r r e d  1  l i t e r  c y l i n -  
ders  w i t h  t h o s e  measured i n  1  a r g e r  columns ( J a v a h e r i  , 1971 ) i n d i c a t e d  t h a t  
f o r  t h e  a c t i v a t e d  s l u d g e  used i n  t h e s e  exper imen ts ,  t h e  s m a l l e r ,  more con- 
v e n i e n t  t e s t  c y l i n d e r  c o u l d  be used. Ba tch  f l u x  curves were p l o t t e d  f r o m  
t h e s e  measurements and t h e  g r a p h i c a l  method o f  b a t c h  f l u x  a n a l y s i s  ( F i g u r e  3 )  
was t h e n  used t o  p r e d i c t  u n d e r f l o w  c o n c e n t r a t i o n s  f o r  a1 1  o f  t h e  e x p e r i -  
ments.  Comparisons o f  p r e d i c t e d  and a c t u a l  c o n c e n t r a t i o n s  a r e  shown i n  
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F igures  21 and 22. Most o f  t h e  cont inuous t e s t s  were performed w i t h  
s t i r r e r  B and, i n  genera l ,  r e s u l t s  were overes t imated  by t h e  ba tch  f l u x  
curves. However, as shown i n  F igure  22, i n  t h e  presence o f  t h e  l o n g e r  
s t i  r r e r  C t h e  performance e s t i m a t i o n  was b e t t e r .  B e t t e r  agglomerat ion 
o f  s ludge  was observed w i t h  t h e  l o n g  s t i r r e r .  F l oc  s i z e s  were more r e g u l a r  
and somewhat l a r g e r  t han  those exper iments where t h e  smal l  s t i  r r e r ,  B, was 
used. I t  i s  n o t  obvious whether t h e  improved performance w i t h  s t i r r i n g  
o f  t h e  bed was due t o  t h e  p o s s i b l e  c o l l a p s e  o f  b r i d g e  networks ( as  advo- 
cated by V e s i l i n d ,  1968) i n  t h e  cont inuous t h i ckene r ,  o r  t o  a t r u e  bene- 
f i  c i a1  e f f e c t .  C o n t i n ~ ~ o u s  t h i c k e n i n g  exper iments w i t h  very 1 a rge  tanks 
a re  r e q u i r e d  t o  answer t h i s  ques t ion .  
4.3.3 - P r e d i c t i o n  o f  Required Volun'le 
The amount o f  s t o r e d  s o l i d s ,  t h e  h e i g h t  o f  t h e  t h i c k  s o l i d s  
bed, t h e  s o l i d s  and h y d r a ~ ~ l i c  d e t e n t i o n  t imes, were n o t  c l o s e l y  r e l a t e d  
t o  t h e  t h i c k e n i n g  performance o f  a c t i v a t e d  s ludge.  However, enough volume 
was r e q u i r e d  f o r  s t o r i n g  t h e  s o l i d s .  Al though t h e  a c t i v a t e d  s ludge  used 
i n  these exper iments s e t t l e d  w e l l  and was n o t  as "compress ib le  as many," 
t h e r e  was l i t t l e  i n d i c a t i o n  t h a t  b e n e f i t s  cou ld  be achieved by u s i n g  deep 
s ludge depths t o  i nc rease  s e t t l  i n g  v e l o c i t y .  
Equat ion (4 .1 )  which was used f o r  p r e d i c t i o n  o f  hth i n  c a l -  
c i  um carbonate exper iments,  a l so  was t r i e d  w i t h  a c t i  vated s l  udges. 
It was assumed t h a t  t h e  ac tua l  area o f  t h e  t h i c k  bed i n  t h e  s o l i d s  
p r o f i l e  cou ld  be es t imated  by a r e c t a n g l e  w i t h  w i d t h  o f  CL, and h e i g h t  
o f  hth. Concent ra t ions CL1 and CL2 were obta ined from ba tch  f l u x  
curves f o r  exper imenta l  values o f  G. Un fo r t una te l y ,  he p r e d i c t e d  
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values o f  hth were much smal l e r  than t h e  ac tua l  va lues.  The measured 
va lues o f  CL1 f rom batch f l u x  curves u s u a l l y  corresponded t o  concent ra-  
t i o n s  a t  lower  p o r t i o n s  o f  t h e  t h i c k  beds and were t o o  l a r g e  f o r  t h e  
assumption o f  a  r e c t a n g u l a r  shape f o r  t he  t h i c k  bed. 
4.3.4 - S i  gn i  f icance of  Other  Th icken ing  Parameters 
The feed concen t ra t i on ,  feed r a t e ,  and o v e r f l o w  r a t e  p layed  
r o l e s  i n  a c t i v a t e d  s ludge exper iments s i m i l a r  t o  those  f o r  ca lc ium carbo- 
na te .  The concen t ra t i on  under t h e  feed 1  eve1 ( i  .e. second c r i t i c a l  con- 
c e n t r a t i o n )  was independent o f  t h e  feed concen t ra t i on .  The second c r i t -  
i c a l  c o n c e r ~ t r a t i o n  f o l  1  owed t h e  f l  ux t heo ry  and inc reased  c o n s i s t e n t l y  
f o r  p r a c t i  c a l  purposes w i t h  i n c r e a s i n g  u n d e r f l  ow v e l o c i t i e s .  
The o v e r f l o w  r a t e  d i d  n o t  i n f l u e n c e  t h e  o v e r f l o w  t u r b i d i t y  i n  
a  cons i  s t e n t  manner due t o  changing c l a r i f i c a t i o n  c h a r a c t e r i s t i c s  o f  t h e  
s ludges. No d e f i n i t e  c o r r e l a t i o n  was found between t h e  t u r b i d i t y  o r  
s o l  i d s  concen t ra t i on  o f  t h e  o v e r f l  ow and o v e r f l o w  r a t e s .  The s o l  i d s  con- 
t e n t  o f  t h e  o v e r f l o w  l i q u i d s  was i n  t h e  range o f  20 t o  135 mg/ l .  The 
s o l i d s  concen t ra t i on  o f  superna tan t  o f  a c t i v a t e d  sludges i n  a  ba tch  
t e s t  was found t o  be very  low ( i  . e. about 5  mg/l ) immediate ly  a f t e r  t h e  
c o l l  e c t i  on o f  samples . The concen t ra t i ons  i n  t h e  superna tan t  which 
separated a t  1  a t e r  t imes  were app rec i ab l y  h i g h e r .  Saunders (1971) 
examined a  sample o f  s ludge from t h e  same source under t h e  microscope 
a t  va r i ous  t imes a f t e r  t h e  s ludge  was b rough t  t o  t h e  l a b o r a t o r y .  He 
found t h a t  t h e  s ludge microorganisms became more d ispersed  w i t h  extended 
pe r i ods  o f  t i m e  ( i  .e. severa l  days), and t h e  s i z e s  o f  t h e  f l o c  p a r t i c l e s  
decreased. Apparent ly ,  some o f  the  c o l l o i d a l  m a t t e r  i n  t h e  supernatant  
caused h i g h e r  c o n c e n t r a t i o n s  i n  t h e  o v e r f l o w .  P robab ly  t h e  changing s i z e  
c h a r a c t e r i s t i c s  o f  t h e  c o l l o i d a l  m a t t e r  a l s o  a f f e c t e d  t h e  l i g h t  s c a t t e r i n g  
c h a r a c t e r i s t i c s  i n  t h e  t u r b i d i t y  measurements. 
4.4 - Continuous T h i c k e n i n g  o f  Water S o f t e n i n g  S ludges 
Twelve con t inuous  t h i  cken i  n g  exper iments  were per formed w i t h  
t w o  d i  f f e r e n t  s l  udge sampl es f r o m  t h e  N o r t h e r n  I 1  1  i n o i  s  Water C o r p o r a t i  on. 
A c c i d e n t a l  l o s s  o f  one o f  t h e  samples p r i o r  t o  development o f  t h e  b a t c h  
f l u x  c u r v e  1  i m i  t e d  t h e  e x t e n t  o f  d a t a  i n t e r p r e t a t i o n .  However, s u f f i c i e n t  
r e s u l t s  (see J a v a h e r i ,  1971),  were o b t a i n e d  t o  c o n f i r m  t h a t  s o l - i d s  f l u x  
t h e o r y  c o u l d  be  used f o r  des ign  o f  i d e a l  con t inuous  t h i c k e n e r s  r e c e i v i n g  
s i m i l a r  s o f t e n i n g  s ludges.  
\ 
4.5 - Continuous T h i c k e n i n g  o f  Glass Beads 
S i x t e e n  con t inuous  t h i c k e n i n g  exper iments  w i t h  g l a s s  bead sus- 
pensions were per formed t o  i n v e s t i g a t e  t h i  cken i  ng c h a r a c t e r i  s t i  cs o f  
i n c o m p r e s s i b l e  suspensions.  T y p i c a l  s o l i d s  p r o f i l e s  a r e  shown i n  F i g u r e  
23. Beyond t h e  p o i n t  o f  maximum f l ux, t h e  b a t c h  f l u x  cu rve  was n e a r l y  
l i n e a r .  T h i s  accounted f o r  t h e  usual  s o l i d s  p r o f i l e s  i n  F i g u r e  23 and 
f o r  t h e  pronounced d i f f e r e n c e s  i n  p a r t s  A and B  o f  t h e  f i g u r e .  
The amount o f  s t o r e d  s o l i d s  was n o t  found t o  be an i m p o r t a n t  
parameter  i n  t h i c k e n i n g  o f  g l a s s  beads. T h i s  i s  c o n s i s t e n t  w i t h  t h e  
s o l  i d s  f l u x  t h e o r y  and t h e  s e t t l  i n g  n a t u r e  o f  i n c o m p r e s s i b l  e  suspensions.  
The o v e r f l o w  t u r b i d i t y  d i d  n o t  c o r r e l  a t e  we1 1  w i t h  t h e  o v e r f l o w  v e l  o c i  ty. 
C l a r i f i c a t i o n  o f  t h e  o v e r f l o w  seemed t o  be t i m e  dependent. One s i g n i f i -  
c a n t  o b s e r v a t i o n  was t h a t  a t  re1 a t i v e l y  h i g h  o v e r f l o w  r a t e s ,  i .e. above 
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3 2 3.0 cm /cm /min, some o f  t h e  s o l i d s  bed began t o  f l u i d i z e .  The f l u i d i z e d  
bed r a p i d l y  expanded and l e d  t o  u n s a t i s f a c t o r y  c l a r i f i c a t i o n .  The t h i c k -  
en ing  f u n c t i o n  was n o t  adverse ly  a f f e c t e d  by t h i s  phenomenon. The reason 
f o r  f l u i d i z a t i o n  was though t  t o  be v a r i a t i o n s  i n  s i z e s  o f  g lass  beads. 
Sma l l e r  beads p robab ly  d i d  n o t  s e t t l e  under t h e  feed  l e v e l .  Feed concen- 
t r a t i o n  d i d  n o t  p l a y  a  r o l e  i n  t h e  t h i c k e n i n g  f u n c t i o n  o f  t h e  t h i c k e n e r  
i n  t h e  exper iments .  However, a t  l ower  feed  concen t ra t ions ,  t h e  o v e r f l o w  
r a t e  was r e 1  a t i v e l y  h i g h  f o r  t h e  g iven  s o l i d s  f l u x  l oad ing .  
4.6 - Summary o f  Cont inuous Th icken ing  Experiments 
The outcome o f  cont inuous t h i c k e n i n g  exper iments cou ld  be p re -  
d i c t e d  by t h e  a p p l i c a t i o n  o f  t h e  g raph i ca l  techn ique  based on i d e a l  t h i c k -  
en ing  t heo ry .  The p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t h e  g lass  bead suspension 
d i d  n o t  cause s i g n i f i c a n t  dev i  a t io r l s  f rorr~ t h e  expected performance. Th i s  
was i n  agreelr~ent w i t h  f i n d i n g s  o f  Shannon -- e t  a1 . (1  963).  
F l u i d i z a t i o n  o f  t h e  s o l i d s  bed sometimes t ook  p l a c e  w i t h  g lass  
bead suspensions. I t  i s  thought  t h a t  t h e  p a r t i c l e  s i z e  o f  t h e  suspension, 
t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n ,  t h e  p a r t i c l e  d e n s i t y  and t h e  degree o f  
aggrega t ion  between t h e  p a r t i c l e s  shou ld  a f f e c t  t h e  f l u i d i z a t i o n  phenomenon 
These f o u r  p r o p e r t i e s  o f  susper~s ion  p a r t i c l e s  were n o t  known q u a n t i t a t i v e l y  
f o r  t h e  ca l  cium carbonate suspension, a c t i v a t e d  sl lrdges, and s o f t e n i n g  
s ludges.  F l u i d i z a t i o n  d i d  n o t  occur  w i t h  these  non- idea l  suspensions . 
P r e d i c t i o n s  based on appl i c a t i o n  o f  so l  i d s  f l l r x  t h e o r y  became 
somewhat 1  ess accura te  as t h e  suspensions dev ia ted  f rom an incompress ib le  
s t a t e  by e x h i b i t i n g  a  f l o c c u l e n t  and corrlpressible na tu re .  The degree o f  
c o m p r e s s i b i l i t y  was evidenced by t h e  rnagni tude  o f  t h e  h e i g h t  e f f e c t  i n  
b a t c h  s e t t l i n g  exper iments .  The c a l  c i u n ~  ca rbona te  suspensions and 
s o f t e n i n g  s l  udges were l e s s  f l o c c u l e n t  t h a n  t h e  a c t i v a t e d  s l  udges. 
Consequent ly,  t h e  performance p r e d i c t i o n  o f  compress ib le  suspensions 
was t h e  most a c c u r a t e  i n  t h e  case o f  t h e  c a l c i u m  ca rbona te  suspens ion 
and t h e  l e a s t  a c c u r a t e  i n  t h e  case o f  t h e  a c t i v a t e d  s ludges.  

5. SUMMARY AND CONCLUSIONS 
I n  c a r e f u l l y  c o n t r o l  l e d  cont inuous t h i c k e n i n g  exper iments w i t h  
a v a r i e t y  o f  suspensions, good agreement was o b t a i  ned between observed 
t h i c k e n i n g  performance and t h e  p r e d i c t i o n s  o f  fundamental t h i c k e n i n g  
t heo ry .  Whereas t h e  degree o f  p r e c i s e  agreement w i t h  theory  d e t e r i o r a t e d  
as suspensions became more compressible, s t i l l  bas ic  agreement was a t t a i n e d .  
These r e s u l t s  suggest t h a t  t h e  depth o f  compressible s ludge  i n  cont inuous 
t h i ckene rs  may n o t  be as impo r tan t  as i s  commonly considered. 
I t  was observed t h a t  non-ideal hydraul  i c  cond i t i ons  i n  con t inu-  
ous t h i ckene rs  read i  l y  produced s i g n i f i c a n t  depar tures f rom t h e o r e t i c a l  
t h i c k e n i n g  performance. Th is  may be an impor tan t  f a c t o r  1 i m i t i n g  t he  
performance o f  f u l l  s c a l e  t h i ckene rs .  I n  such th ickeners ,  m i x i ng  a t  t h e  
t h i c k e n e r  bottom, use o f  m u l t i p l e  under f low po in t s ,  and/or improved d i s -  
t r i b u t i o n  o f  f eed  s o l i d s  may be necessary. 
S p e c i f i c a l l y ,  i t  may be concluded t h a t :  
1. The c losed cont inuous t h i c k e n i n g  system developed was a conven- 
i e n t  means o f  l a b o r a t o r y  t h i c k e n i n g  o f  suspensions. It enabled t h e  estab- 
l i shment  o f  s teady-s ta te  i n  a reasonable amount o f  t ime  so t h a t  numerous 
exper iments cou ld  be performed w i t h o u t  g rea t  d i f f i c u l t i e s .  
2. I n  t h e  cont inuous t h i c k e n i n g  experiments, e f f e c t i v e  s t i  r r i n g  
of  t h e  bottom l a y e r s  o f  t h e  s o l i d s  bed near  t h e  under f low was an a b s o l r ~ t e  
necess i t y .  I n s u f f i c i e n t  s t i r r i n g  r e s u l t e d  i n  low under f low concentra- 
t i o n s .  The i n t e n s i t y  o f  s t i r r i n g  requ i red  depended on t h e  t ype  o f  suspension. 
3. R e l a t i v e l y  i n t e n s i v e  s t i r r i n g  d i d  no t  adverse ly  a f f e c t  t h e  con- 
t i nuous  t h i c k e n i n g  performance w i t h  suspensions o f  ca lc ium carbonate, wa te r  
s o f t e n i n g  sludge, and suspensions o f  g lass  beads. However, i n t e n s i v e  
s t i  rri ng o f  a c t i v a t e d  s l  udges above and beyond t h e  op t ima l  i n t e n s i t y  sheared 
t h e  s ludge  f l o c s  i n  t h e  s o l i d s  bed and adverse ly  a f f e c t e d  t h e  process o f  
t h i  cken i  ng. 
4. S t i r r i n g  o f  t h e  t h i c k  bed o f  a c t i v a t e d  s ludges i n  cont inuous 
t h i c k e n i n g  exper iments a t  t h e  op t ima l  i n t e n s i  t,y r e s u l t e d  i n  h i g h e r  u n d e r f l o w  
c o n c e n t r a t i o n s .  However, by  f u r t h e r  e x p e r i m e n t a t i o n  a t  a  l a r g e  d iameter  
t h i c k e n e r ,  i t  shou ld  be shown whether t h i s  was a  t r u e  e f f e c t  o r  an a r t i f a c t  
due t o  srnal l  d iamete r  o f  t h e  p i l o t  t h i c k e n e r .  
5. Smal l  e f f e c t i v e  pressures were found t o  e x i s t  i n  t h e  bed o f  
s o l i d s  i n  cont inuous exper iments  w i t h  c a l c i u m  carbonate.  The s e t t l e a b i l i t y  
o f  t h e  suspensions was n o t  s i g n i f i c a n t l y  a f f e c t e d  by t h e s e  p ressures .  
Consequently, t h e  c o n s o l i d a t i o n  t h e o r y  o f  Terzaghi  was n o t  appl i e d  t o  
e x p l a i n  t h e  cont inuous t h i c k e n i n g  b e h a v i o r  o f  c a l c i u m  carbona te  suspensions.  
6 .  The perforrnance o f  t h e  cont inuous t h i c k e n e r  and t h e  shape o f  
t h e  s o l  i d s  p r o f i l e  i n  t h e  t h i c k e n e r  c o u l d  be p r e d i c t e d  w i t h  reasonable  
accuracy frorn t h e  b a t c h  f l u x  curve when t h e  s o l i d s  f l u x  t h e o r y  was used 
as a  t o o l  o f  a n a l y s i s .  The p r e d i c t i o n s  were, by  and l a r g e ,  more accura te  
f o r  t h e  suspension o f  c a l c i u m  carbonate,  w a t e r  s o f t e n i n g  s ludge,  and t h e  
suspens io r~  o f  g l a s s  beads, The p r e d i c t i o n s  f o r  a c t i v a t e d  s ludge  e x p e r i  - 
mer~ts  were t roub lesome due t o  1  a b o r a t o r y  d i f f i c u l t i e s  o f  o b t a i n i n g  r e a l  i s -  
t i c  b a t c h  s e t t l  -ing v e l o c i t i e s  and t h e  complex a c t i v a t e d  s ludge  s e t t l i n g  
p r o p e r t i e s  . 
7. The t h i c k e r ~ i r ~ g  performance measured by t h e  magni tude o f  under-  
f l o w  c o n c e n t r a t i o n  depended on t h e  magni tude o f  w e i g h t  o f  s o l i d s  a p p l i e d  
p e r  u n i t  a rea  and p e r  u n i t  o f  t ime ,  and t h e  c h a r a c t e r i s t i c  s e t t l i n g  
p r o p e r t i e s  o f  t h e  suspension.  Performance d i d  n o t  depend s i  g n i  f i  c a n t l y  
upon t h e  we igh t  o f  s t o r e d  s o l i d s ,  h e i g h t  o f  t h e  s o l i d s  bed, s o l i d s  deten- 
t i o n  t ime ,  h y d r a u l i c  d e t e n t i o n  t ime,  o r  feed concen t ra t i on .  
8. The volume o f  t h e  t h i c k e n e r  below f eed  l e v e l  depended upon t h e  
mass o f  s t o r e d  s o l i d s  and t h e  s e t t l i n g  p r o p e r t i e s  o f  t h e  suspension. 
Volumes were a c c u r a t e l y  p r e d i c t e d  f rom t h e  known we igh t  o f  s o l i d s  and 
ba tch  fl ux curves f o r  ca l  c i  um carbonate and a c t i  va ted  s ludge  exper iments .  
9. C l  a r i t y  o f  t h e  ove r f l ow  d e t e r i o r a t e d  c o n s i s t e n t l y  w i t h  ap i nc rease  
i n  ove r f l ow  r a t e s  f o r  t h e  c a l c i  um carbonate exper iments.  Meaningfu l  c l  a r i -  
f i c a t i o n  da ta  cou ld  no t  be ob ta ined  w i t h  o t h e r  suspensions due t o  s p e c i f i c  
exper imenta l  d i  f f i  cu l  t i e s .  
10. Th icken ing  and c l a r i f i c a t i o n  processes were found t o  i n t e r a c t  
th rough  t h e  magnitude o f  t h e  feed concen t ra t i on .  One o f  these f u n c t i o n s  
w i l l  1  i m i t  t he  des ign  i f  a p r e s e t  performance c r i t e r i a  f o r  bo th  f u n c t i o n s  
has t o  be met i n  t h e  s e t t l i n g  tank.  
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